Abstract. The Woods-Saxon potential is probably the most studied and widely used short range potential in all of nuclear physics. For the angular momentum l= 0 case, Flügge had devised a method to obtain an analytical expression for the bound state energies of the radial time-independent Schrӧdinger equation for a neutron confined in a Woods-Saxon potential well. In this study, we extend Flügge's method to solve the radial Schrӧdinger equation for a neutron within the Woods-Saxon potential and the centrifugal potential for arbitrary values of l. Here, the Pekeris method is used to deal with the centrifugal term. We obtain an analytical expression for the bound states, valid for arbitrary angular momentum, and show that our expression reduces to that of Flügge, which applies to the l= 0 case. The numerical computations performed also show very good agreement with our analytical expression.
INTRODUCTION
In this paper, we present the results of our study on the bound state energies of a neutron confined in a potential well that is composed of the Woods-Saxon potential and the centrifugal term. We will closely adopt the original formalism developed by Flügge [1] , who successfully devised an analytical method for obtaining the bound state energies of the radial time independent Schrӧdinger equation for a neutron confined in a Woods-Saxon potential well only. Our present work can be considered to be an extension of Flügge's work in that we solve the radial Schrӧdinger equation for a neutron confined in a Woods-Saxon potential and the centrifugal potential for arbitrary values of l.
The Radial Schrӧdinger Equation for the Woods-Saxon Potential and The Centrifugal Potential
Consider a neutron of mass m bound with energy −E to a nuclear core with mass number A. The radial Schrӧdinger equation (2) for this system is ( )
where µ and ℏ are the reduced mass and the reduced Planck constant respectively. Here ( ) χ r refers to the boundstate radial function of the neutron For the problem at hand, the effective potential eff V is made up of 2 terms, namely, the Wood-Saxon [3] and the centrifugal potentials and is defined by 
and a stand for the depth of the nuclear potential well, the width or radius of the potential well and the diffuseness of the nuclear surface, respectively. 0 r is the radius parameter corresponding to the potential well. As it stands, Eq. (1) cannot be solved analytically for 0 ≠ l states unless some approximations are made to the radial terms. For this purpose, the Pekeris approximation method [4] is applied to make Eq.1 amenable to an analytical solution. This is done by expressing the centrifugal potential in a series of exponentials up to second order.
The procedure for the above approximation scheme is well known in the literature [5, 6] , so we won't reproduce it here. Suffice it to say that after the Pekeris approximation is carried out, the radial Schrӧdinger equation reads:
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with the dimensionless quantities given by ( )
The Bound State Wave Function Solution to the Radial Schrӧdinger Equation for
Arbitrary l States 
If we choose 
The analytical solution to Eq. (8) is [7] ( ) ( ) ( ) 
As a check, we observe that 
Applying this relation to ( ) χ y yields:
Derivation of the Bound State Energy Solution for Arbitrary l States
Since binding energy of the neutron must always be less than the depth of the nuclear potential, the parameter τ turns out to be an imaginary quantity. Consequently, we rewrite τ = i λ with 
where 1
By applying the formula ( ) 
To satisfy the boundary condition i.e. ( )
r , the terms in parenthesis must vanish. This leads us to following eigenvalue condition:
As λ is a function of both E and o V whereas β a function of E, Eq. (15) 
where C stands for the Euler constant which has a value of 0.5772. This results in:
RESULTS AND DISCUSSION
In the limit when l approaches zero. we have verified that Eq. (17) correctly reduces to Flügge's original result for the case of a neutron within the Woods-Saxon potential. To obtain the binding energies, one needs to solve the following transcendental equation that is easily obtained from Eq. (17) by taking the tangent on both sides and simplifying:
For the purposes of illustration, let us consider a simple graphical method for extracting the solutions (i.e. the binding energies) from Eq. (18) by plotting both sides of this equation as functions of energy , E f(E) against E, with E varying from -0 V to 0. We take the case of a neutron of mass 1.00866u bound to a nuclear core with A =100 for l = 1, corresponding to the p state. The empirical values needed [8] A better approximation can be found by utilizing the built in FindRoot function on Mathematica [9] . By treating the 3 points as initial approximations to each solution, FindRoot was able to zoom in on a more precise value and we obtained -44.94 MeV, -29.06 MeV and -9.72 MeV, corresponding to the 1p, 2p and 3p states, respectively. As a check on the accuracy of the results obtained based on the method mentioned above, we also determined the binding energy values by numerically solving the Schrӧdinger equation for the same potential [10] . We obtained the following values: -44.87 MeV, -28.74 MeV and -9.13 MeV for the 1p, 2p and 3p states, respectively. The agreement between the graphical and the numerical methods is rather satisfactory.
CONCLUSION
In this paper, we have successfully extended Flügge's method to analytically solved the radial Schrӧdinger equation for a neutron within the Woods-Saxon potential and the centrifugal potential for arbitrary values of l. The Pekeris method was applied to deal with the centrifugal term.
For the 0 = l case, we have verified that our formula Eq. (17) correctly reduces to Flügge's original result for the case of a neutron confined in a Woods-Saxon potential.
We have also shown that the binding energies obtained analytically agrees rather well with that obtained numerically for the case of a neutron of mass 1.00866u bound to a nuclear core with A =100 for l=1, corresponding to the p state. Energy,E in MeV
